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Introduction 22
The aim of speed limits is to maintain the equilibrium between road safety, traffic flow 23 and energy consumption in road networks (TRB 1998 
Crash Data 9
The examined crash data consisted of 5,606 crashes that occurred on the motorway 10 network of England (total length approximately 3,519 km, typical speed limit 70 mph) 11 during 2012. STATS 19 crash reports include all injury crashes and are divided into 12 crashes with fatal, serious and slight injuries. The variables that were extracted from 13 STATS19 for the purpose of this analysis are crash date, time, location, number of 14 vehicles involved and vehicles' intended direction prior to the crash. Considering the 15 different intrinsic characteristics of collisions, crashes will be examined separately by 16 type. Crashes were divided according to the number of involved vehicles into: a) single 17 vehicle crashes (SV) and b) main carriageway multiple vehicle crashes (MV). 18 Intersection MV crashes (defined as crashes where the colliding vehicles had different 19 intended directions) were eliminated from the analysis for two reasons. Firstly, the 20 small number of observations (4.6% of all motorway crashes) did not permit the 21 formation of an individual category that was suitable for count regression models. 22
Secondly, intersection crashes could not be merged with the main carriageway multiple 23 vehicle collisions as these types are assumed to have significantly different generation 24 9 processes. The final number of valid crash observations was 4,505 crashes 1 due to 1 missing and/or illogical values either in the crash, traffic or geometry datasets. 2
Crash location is a key component for the identification of the traffic and 3 geometric conditions just before a crash; however, the reported crash locations were less 4 accurate than desired. To overcome this limitation, crashes were allocated to refined and 5 more accurate locations based on the output of a fuzzy-logic based crash mapping 6 algorithm which employs some of the most common crash location information 7 (Imprialou, Quddus, and Pitfield 2014). The algorithm was developed for the study area 8 and provides 98.9% (±1.1%) accurate crash locations. 9
Traffic data 10
Traffic conditions were obtained from the JTDB that stores link-level traffic data 11 (obtained from inductive loops) of the UK motorway network in 15-minute intervals. 12
The traffic variables used here were the average speed (km/h) and the volume (vehicles) 13 per 15 minutes. 14
Geometric data 15
Road geometry was obtained by the TRACS surveys that measure road geometrical 16 characteristics using survey vehicles. The data used here were the radius and gradient 17 measured in a 10-metre span for the entire UK motorway network. 18
Condition-based datasets 1
In link-based approaches crashes are gathered into groups based on the location 2 of their occurrence. As it has been stated before, this default feature of this method 3 might influence the outcomes and restrict the explanatory potential of the models. In 4 this paper, to overcome this limitation crashes are aggregated in an alternative way. 5
Instead of their locations, the examined crashes are grouped according to the similarities 6 of the traffic and geometric road conditions just before their occurrence forming a 7 different crash count dataset termed as condition-based (see also Imprialou et al. 8 forthcoming). To generate a condition-based dataset the combination of the crash, 9 traffic and geometry data in a form suitable for the statistical analysis is required. Each 10 observation of the condition-based dataset represents an individual scenario of traffic 11 and geometric conditions. The final dataset consists of every possible condition scenario 12 that could occur on the road network during the study period. The condition scenarios 13 were formed by combining the following variables: 14
• Speed: Speed was divided into 50 groups of equal frequency with a 2-percentile 15 step (e.g. • Curvature: Sections with curved or straight sections (dummy variable); 22
• Gradient: Uphill, downhill or level sections (categorical variable); 23
• Number of lanes: Sections with up to two lanes per direction or over two lanes 24 per direction (dummy variable). 25 Combing the above independent variables the final dataset included overall 1 2,400 scenarios which traffic conditions appeared with equal frequency on the study 2 network. Following, each scenario of the dataset was matched with a number of crashes 3 (if any) that occurred under its corresponding traffic and geometric conditions 4 (dependent variable). To do this, each crash was individually classified to the condition 5 scenario that described best the road circumstances prior its occurrence. 6
Traffic conditions on the road section where the crashes occurred were identified 7 based on the reported date and time of the crash. The road segment that was assumed to 8 be the most influential for the crash occurrence was considered to be equal with the 9 length of the average stopping distance upstream of the crash location increased by 20 10 metres downstream to correct for minor errors related with the crash location 11 identification (final considered segment length: 117 metres). Based on the TRACS 12 measurements, each segment was characterised as curved or straight and uphill, 13 downhill or level. 14 After the classification of crashes to specific condition scenarios, each scenario 15 included crash counts split by crash type (i.e. SV, MV) and by severity. To control for 16 the unequal likelihood of crash occurrences between scenarios the measure of exposure 17 that was considered as more suitable was the average vehicle hours travelled per mile 18 for each scenario. The descriptive statistics of the dataset can be found at Table 1 . 19
Methodology 20
Crash counts by collision type cannot be assumed to be independent because they are 21 subsets of the total crashes that occurred on a road network. Therefore, modelling them 22 separately might lead to inaccurate estimations of standard errors (Park and Lord 2007) . 
volume is necessarily linear, 18 different specifications 3 for speed and volume were 1 tested. The models that are presented in the following section have the best fitting 2 specification among all the examined specifications (based on the Deviance Information 3 Criterion). 4
5 Results and discussion 5
Modelling outcomes 6
Three models were estimated with the MCMC method using WinBUGS software 7 (Spiegelhalter et al. 2003 ) that is suitable for multivariate models with the full Bayesian 8 approach. The estimations were derived from 50,000 iterations of two chains with a 9
burn-in sample of 20,000. Convergence was visually detected by observing the trace 10 plots of the estimates. The best fitting specification was different for each of the three 11 models; more specifically CT was best described by a linear speed, the natural 12 logarithm of volume and an interaction term (i.e. Speed*Volume) (i.e. specification 12), 13
SV_sev by the square of speed and the logarithm of volume (i.e. specification 3) and 14
MV_sev by linear speed, squared volume and an interaction term (i.e. specification 11). 15 Tables 2-4 present the coefficient estimates for CT, SV_sev and MV_sev respectively. 16 In order to clarify the outcomes, especially for the models that have interaction terms, 17 3 
Impact estimation 14
Apart from explaining the relationship of crashes with traffic and geometry 15 related variables, the developed models are employed to predict the impact of speed 16 limit changes on traffic crashes. Using the elasticity of crashes with respect to speed it is 17 possible to estimate the expected changes in the number of crashes by type and severity 18 as a result of a speed limit increase. According to existing literature the average speed 19 on a road is expected to rise by 25% to 50% of the amount of the speed limit increase 20 (e.g. Rock 1995; Finch et al. 1994 ). This means that if the speed limit of UK motorways 21 increases from 70 mph to 80 mph (i.e. 10 mph) the average speed would be expected to 22 increase by 2.5 mph to 5 mph. However, it is not clear how this change would affect the 23 speed distribution of the network. A speed limit change could cause a uniform shift to 24 the speed distribution, or it could cause a more significant increase at higher speed 25 conditions than at the lower ones. Considering that low speeds are normally related with 1 traffic congestion, the second case is likely to be more representative. Since it is not 2 possible to predict the form of the new speed distribution, the elasticity values that are 3 presented in this paper are estimated based on the expected changes on the average 4 speed. The equation of the mean elasticity of the m th variable of the k th category is: 5 Table 5 shows the mean elasticity of speed and the estimated minimum and 6 maximum percentage of increase for SV and MV crashes based on the outcomes of the 7
SV_sev and the MV_sev models respectively. As discussed, a 10 mph increase in speed 8 limit would result in a 3.86% in average speed rise (i.e. the average speed 64.7 mph 9 would at least increase by 2.5 mph). Given that the mean elasticity of crashes with 10 respect to speed is 2.595 for SV KSI crashes (see Table 5 ), the corresponding increase 11 in these crash type would be at least 10.02% (i.e. 3.86*2.595) as shown in Table 5 . In a 12 similar manner, SV SL and MV KSI crashes would have an increase of 6.14% (i.e. 13 3.86*1.590) and 3.42% (i.e. 3.86*0.886) respectively. The speed elasticity for slight 14 injury MV crashes was chosen not to be presented here. As the relationship of speed 15 with this crash type is negative, the elasticity of speed is a negative, too. Having no 16 evidence to support that a speed limit increase can be associated with decrease in 17 particular types of crashes and to keep the results conservative it is considered that the 18 number of MV crashes that lead to slight injuries will not change. 19
Assuming that all other variables remain the same, single vehicle KSI are 20 expected to increase by 10.0%-20.1% after the first year of implementation of the 21 measure and for SL this number will fluctuate from 6.2% to12.39%. This means that 22 after a speed limit increase there will be 73-146 more SV occurrences on the UK 23
motorway. The increase of MV crashes will be from 3.4%-6.9%% equivalent to 11-21 1 more MV crashes. The overall predicted increase due to the anticipated average speed 2 raise for all KSI and SL crashes will reach 6.2%-12.1 % and 1.3% -2.7% respectively, 3
indicating that a change on the current speed limit will clearly have a considerable and 4 adverse impact on road safety. 5
Conclusion 6
Changes in speed regulation laws lead to changes of the traffic conditions that might 7 affect the levels of safety on road networks. To predict the impact related with such 8 measures it is necessary to understand the relationship of speed with crashes on the 9 examined network. This paper explores the relationship of speed with single vehicle and 10 same direction multiple vehicle crashes on the UK motorways so as to evaluate the 11 effect of a potential 10 mph increase of the current 70 mph speed limit. The speed-crash 12 relationship is described through three condition-based multivariate Poisson lognormal 13 regression models that provide different coefficients by type and severity of the crashes 14
respectively. 15
The results of the models show that speed is positively related with all single 16 vehicle crashes and the fatal or serious multiple vehicle crashes but negatively related 17 with multiple vehicle crashes with slight injuries. This outcome suggests that the UK 18 motorway is likely to have 6.2-12.1 % more fatal or serious crashes and 1.3-2.7% more 19 slight injury crashes during the first year of the new speed limit implementation, 20
confirming the concerns about the appropriateness of this measure. Taking into 21 consideration that speed limit increases tend to be linked with increases in average 22 speeds on contiguous roads (i.e. spillover effect), the overall crash rise might be even 23 higher than the estimated. As a consequence, a speed limit increase, in the absence of 24 new and effective preventive measures, does not seem to be a reasonable idea assuming 1 that road safety is one the first priorities for policy makers and other stakeholders. 2
Instead, a reduction of the current number of speed limit violations, that could be 3 achieved through improvements in enforcement, would be beneficial as it would lead to 4 a decrease of crashes and the severity of their outcomes. 
